Background: Robotically enhanced telemanipulation is a new powerful tool for minimally invasive procedures that allows totally endoscopic cardiac surgery. Between June 1999 and February 2001, 45 robotically enhanced totally endoscopic coronary artery bypass grafting procedures on the arrested heart were performed at our institution with the use of the da Vinci telemanipulation system (Intuitive Surgical, Inc, Mountain View, Calif).
CAB) technique combines the advantages of limited surgical access with the benefits of off-pump surgery, but it is limited to revascularization of a maximum of 2 target vessels. For complete multivessel revascularization with limited incisions, CPB still depends on new but less biocompatible technologies such as the Port-Access system (Heartport, Inc, Redwood City, Calif). [7] [8] [9] [10] With the advent of robotically enhanced telemanipulation, a new powerful tool has been created to further minimize surgical access, thus allowing true closed chest totally endoscopic procedures. [11] [12] [13] [14] Our university initiated a clinical program using the da Vinci surgical system (Intuitive Surgical, Inc, Mountain View, Calif) for all surgical disciplines in June 1999. This article outlines our clinical experience with closed chest cardiac surgery in 45 totally endoscopic coronary artery bypass (TECAB) procedures using this robotic telemanipulation device.
Patients and Methods
After we had undertaken cadaver training, the initial 7 patients of the cardiac arm of the program underwent only parts of the procedure with the telemanipulator for safety reasons (either internal thoracic artery [ITA] dissection or grafting of the left anterior descending coronary artery [LAD]). All following consecutive single-vessel operations were performed as complete closed chest procedures. This article refers to the latter 45 patients, who underwent the TECAB procedure.
Institutional ethical committee approval was obtained, and each patient gave written informed consent. The 45 patients (32 male, 13 female) were 63 Ϯ 6 years old. The procedures are listed in Table 1 . Left ventricular ejection fraction was 56% Ϯ 5%, and New York Heart Association functional class was 2.1 Ϯ 0.2. Twenty-four patients had a history of smoking and 12 had diabetes. Patients with significant comorbidity, including reduced pulmonary function and ascending aortic and peripheral vascular disease, did not fit the inclusion criteria for the Port-Access procedure and therefore were not considered for closed chest surgery.
Anesthesia for TECAB
After standard induction of anesthesia, patients underwent doublelumen intubation for single lung ventilation. Both radial arteries were cannulated for invasive monitoring of the endoaortic occlusion catheter. A transesophageal echo probe was routinely inserted to assess cardiac function and to place and monitor the Port-Access system. In addition, a pulmonary artery vent catheter was inserted percutaneously through the right jugular vein.
The da Vinci Surgical System
The da Vinci telemanipulation system consists of a master console ( Figure 1 ) for remote control of the microinstruments mounted on a surgical cart with three arms (slave unit, Figure 2 ). The middle arm carries a stereo endoscope, and the left and right arms serve as endothoracic end effectors for remote tissue manipulation using microinstruments resembling the human wrist. An additional video cart carries the light source, a carbon dioxide insufflator, an image processor, and a conventional 2-dimensional screen. In our program a surgical resident places the ports and cannulates femoral vessels for CPB. The surgeon is seated at the master console and controls the endoscopic instruments, as well as the camera mounted on the slave unit. The video image from the stereo endoscope is transferred to the master console, magnified (10ϫ), and projected as a 3-dimensional image for optimal visualization of the surgical field.
Operative Technique for TECAB
Both ITAs can be approached from both the left and the right hemithoraces. In a typical left-sided approach for left ITA-LAD bypass, the patient is placed on the operating room table in a supine position with the left side of the chest elevated about 30°to 
40°. The thoracic landmarks such as jugulum, xiphoid, and ribs are marked for external orientation and port placement. After deflation of the left lung, the camera port is placed bluntly to avoid left ventricular injury. Usually the fifth intercostal space close to the anterior axillary line is identified and the chest is insufflated with warm carbon dioxide (37°C). After insertion of the endoscope, two ports are placed under visual control to accommodate the two robot arms, usually in the third and seventh intercostal spaces. The left ITA is mobilized from the subclavian artery all the way down to the distal bifurcation with a 30°endoscope angled upward. Most side branches of the ITA are cauterized by means of low-energy cautery. The distal end of the ITA and one additional segment are skeletonized for grafting, and a soft bulldog clamp (Scanlan Int, St Paul, Minn) is placed. The left femoral artery and vein are dissected by means of a 3-cm oblique incision in the groin. After heparinization, CPB is instituted by femoro-femoral bypass with the use of the Port-Access system. Alternatively we have used the Estech perfusion catheter (Estech Systems, Inc, Plano, Tex), which provides antegrade aortic flow with femoral cannulation. After initiation of CPB and venting of the right ventricle via the pulmonary artery vent, the heart is decompressed and endoscopic pericardiotomy can be performed safely. Identification of the target vessel is crucial and should be performed before cardiac arrest. Infusion of antegrade crystalloid St Thomas' Hospital cardioplegic solution into the aortic root via the Port-Access EndoClamp device provides reliable cardiac arrest. In patients with mild aortic regurgitation, we routinely insert a coronary sinus cardioplegia catheter. Procedures in this initial cohort have been performed with moderate systemic hypothermia (25°C-28°C) for safety reasons.
In patients with left ITA-LAD grafting a 6-to 7-mm arteriotomy is carried out, and the left ITA is grafted end to side with a running 7-0 Prolene suture (7.5-cm length, Fumalene; Fumedica Medizintechnik, Herne, Germany). In 5 patients a sequential bypass to the LAD and the first diagonal branch was performed. First, the end-to-side anastomosis to the LAD was completed and then the ITA graft was anastomosed side to side to the first diagonal branch by using the same suture. Bilateral ITA takedown was performed from the left side for LAD and circumflex artery grafting in 1 case. For bilateral ITA grafting of the LAD and right coronary artery (RCA), a right-sided approach was used following exactly the same guidelines. During ITA harvesting and performance of the anastomosis, the carbon dioxide pressure is kept at 10 to 14 mm Hg depending on the space needed in the chest cavity and hemodynamic status.
After completion of the anastomosis the endoaortic occlusion catheter is deflated and the patient is weaned from CPB. Venous and arterial cannulas are removed, and the defect in the femoral vein is secured by a purse-string suture, while the femoral artery incision is closed with a running suture. Two chest tubes are placed through the camera port and an instrument port incision.
Results
Fifty-two patients underwent cardiac surgery with robotically enhanced telemanipulation at Johann Wolfgang Goethe University. The first 7 patients of this series either underwent endoscopic left ITA mobilization or a robotic coronary artery bypass anastomosis as part of an otherwise conventional CABG procedure. After this initial series, 45 consecutive patients with single-or double-vessel coronary artery disease were operated on without opening the chest. Table 1 shows the operations performed at our institution. In most cases a single arterial bypass with either the left ITA to LAD or right ITA to RCA was performed (n ϭ 37). In 8 patients more complex double-vessel bypass procedures were carried out. Of the initial 20 coronary cases that were started with a closed chest approach intention, 10 patients (22%) required a controlled intraoperative conversion to either left-sided minithoracotomy (n ϭ 7) or median sternotomy (n ϭ 3). Four of these 10 conversions occurred in double bypass surgery. The reasons for conversion were intraoperative bleeding from the anastomotic site (n ϭ 2), prolonged crossclamp time beyond 2 hours (n ϭ 4), injury to the ITA graft (n ϭ 1), and contraindication to advance the Port-Access EndoClamp device (n ϭ 3) after intraoperative diagnosis of severe previously undiagnosed peripheral artery disease. In the last 20 patients of the series only 1 conversion to minithoracotomy (5%) was necessary. The ET overall morbidity and complications are summarized in Table 2 . Mean operative time for single-vessel TECAB was markedly prolonged compared with MIDCAB or standard surgery. The time for port placement, ITA dissection, endoscopic anastomosis, and duration of CPB and crossclamping are summarized in Table 3 . Table 4 demonstrates postoperative data.
The first 22 patients undergoing TECAB had angiograms before discharge from the hospital (Figures 3 and 4) , showing patent grafts in all cases. Only 1 ITA graft displayed a nonsignificant stenosis in the middle segment. The cosmetic result of a closed chest bypass procedure is shown in Figure  5 .
Perioperative complications comprised 1 case of intraoperative exploration via a median sternotomy because of hemodynamic compromise at the end of a long procedure with anastomosis of the right ITA to the LAD and anastomosis of the left ITA to the marginal branch of the circumflex artery. After exploration via median sternotomy, the only cause for hemodynamic instability was found to be extreme hypovolemia. One patient had hypoxic brain damage after a complicated resuscitation after pericardial tamponade. Two patients required postoperative reexploration because of bleeding from the anastomotic site (1 of whom underwent double bypass). One patient had moderate reperfusion injury of the cannulated leg on decannulation and 1 patient with a left ITA bypass to the LAD had a postoperative myocardial infarction because of vasospasm of the RCA requiring angioplasty and stent implantation. One patient with closed chest bilateral ITA grafting to the LAD and the RCA had postoperative retrograde aortic dissection after puncture of the cannulated groin for a follow-up angiogram. There was no wound infection at the port site in this series. We observed 1 superficial wound infection and 1 hematoma in the groin after femoral cannulation.
Discussion
The surgical treatment of single-vessel coronary artery disease is primarily dominated by established techniques such as MIDCAB or off-pump coronary artery bypass (OPCAB) in many centers. TECAB, however, is an evolving method, which is intended to further minimize surgical trauma and pain, reduce the risk of wound infection, and preserve a stable chest cavity. This series reflects 45 patients for whom our "intention to treat" was the closed chest technique. The threshold to convert a patient to an open technique was set rather low to minimize the risk for the patient. Ten patients had intraoperative conversion to either minithoracotomy or median sternotomy. In 4 of these 10 patients a double bypass revascularization, that is, a more complex procedure, was attempted. In 4 patients of this early cohort we decided to convert to either left-sided minithoracotomy or median sternotomy because a crossclamp time beyond 2 hours was not acceptable to us. In 2 patients we observed leakage from the anastomosis that we could not control by endoscopic techniques. This was mainly due to a lack of countertraction to tighten the posterior running suture line. Interrupted suture clips may be appropriate in this scenario but have not been studied so far in this cohort. Three patients were converted to minithoracotomy because of problems associated with Port-Access surgery. 8, 9 The conversion rate may have been lower if we had a perfect endoscopic cannulation system. Using Port-Access technology in totally endoscopic surgery, we are dealing not only with a novel complex robotically enhanced endoscopic technique but also with the difficulties of endoscopic cannulation and endoaortic occlusion. The complications cited above exceed those reported for single coronary artery bypass (MIDCAB 6, 15 ) and do not reflect a safety standard that would make TECAB an operation suitable for routine use. However, it is important to note that the majority of complications occurred in the first 20 patients of this series and are clearly attributable to the learning curve. After successful management of this initial learning curve, looking at the recent cohort of 25 consecutive patients, single-vessel TECAB became a straightforward procedure with a low conversion and complication rate and acceptable operating time at our institution.
Adequate port placement was possible in all patients, including an extremely obese woman with large breasts, allowing sufficient endothoracic movement of the instruments. We believe that especially these patients benefit from an endoscopic procedure, because the risk of wound infection is minimized. The feasibility and safety of closed chest ITA takedown has been shown by several other groups. 16, 17 A sequential arterial bypass with the left ITA to the first diagonal branch and the LAD was performed successfully with excellent functional results but a slightly longer operating time. 18 A sequential revascularization of the first di-agonal branch and the LAD can be somewhat cumbersome via a MIDCAB approach because of bad accessibility of the diagonal branch for side-to-side anastomosis. We believe that the endoscopic technique is a viable alternative in cases in which it is desirable to avoid median sternotomy.
Bilateral ITA grafting is feasible but appears to be very challenging and time consuming. Such a procedure should be accepted only for very special indications. One 36-year- ET old obese female patient with type I diabetes for 16 years was revascularized successfully with 2 ITA grafts by means of the TECAB technique. Such a constellation justifies a long and complex procedure since the risk of mediastinitis is increased in such patients. 19, 20 Technically, the identification of the target coronary vessel can be difficult in patients with an intramural course, and additional preoperative assessment may be useful. We used multidetector computed tomographic scanning to determine the exact position of the coronary target site and vessel quality. Thus, we were able to revascularize 5 patients with intramural LAD successfully with the TECAB technique.
The analysis of postoperative cardiac enzyme levels was unremarkable, and the incidence of perioperative myocardial infarction was 2%. The only postoperative myocardial infarction was not associated with the particular technique and occurred in the RCA region of a patient with left ITA-LAD grafting. This patient had spasm of the RCA postoperatively and required angioplasty and stent implantation. The early angiographic results were excellent in the first 22 patients undergoing TECAB, prompting us to stop performing postoperative angiograms to improve patient comfort and overall cost. There was no chest wound infection at the port site, and only one patient had a superficial groin infection. One patient showed a moderate reperfusion syndrome of a cannulated leg, which was the only such complication observed in 140 institutional Port-Access cases. The postoperative course, including chest tube drainage, mechanical ventilation time, and intensive care unit and hospital stay, was within the limits of our institutional patient cohort receiving coronary revascularization. However, there was no intention to shorten hospital stay below 7 days because of German reimbursement issues.
The da Vinci surgical system changes interaction between operating room team members. The surgeon at the console, the table-side surgeon, the perfusionist, and the anesthesiologist need excellent team working and communication skills. Because every single step of the procedure must be anticipated by the assistant to allow the efficient exchange of instruments, the course of the procedure depends on a close communication of team members with a great amount of patience and discipline. Since the surgeon immerses into the operative field completely via the 3-dimensional visualization system, the assistant has to be responsible for adequate patient condition. All these factors contribute to extended procedural time as compared with MIDCAB or other types of standard operations.
The hemodynamic and anesthesiologic management of patients undergoing TECAB poses a new challenge to cardiac anesthesia. 16 Carbon dioxide insufflation increases intrathoracic pressure, which may impair cardiovascular function, especially when the intracardiac volume load is not controlled properly. We examined hemodynamics and gas exchange during carbon dioxide insufflation into the closed chest. There was no adverse effect on hemodynamics and gas exchange during single lung ventilation. However, markedly elevated arterial carbon dioxide tensions were observed during bilateral insufflation, which sometimes occurs in bilateral ITA takedown. 17 In the absence of direct visualization of cardiac filling status and extended operating times with considerable perspiration and fluid shifts, adequate fluid therapy is critical in closed chest cases and requires online echocardiographic assessment. In the present series, 1 patient was in hypovolemic shock at the end of the operation; the patient's condition became evident only after surgical reexploration.
Despite attempts to perform totally endoscopic surgery with the da Vinci system on the beating heart, the success rate of such procedures remains low. 21, 22 Our preliminary experience with 3 cases of totally endoscopic off-pump surgery (TOPS) identifies several critical issues such as stabilization of the coronary artery in the limited intrathoracic space. In TOPS these drawbacks will add up to the specific problems of TECAB described above. However, avoidance of CPB via the Port-Access system may shorten operating time in the future. Direct comparison with the MIDCAB technique will be possible only when TOPS becomes a reproducible and safe operation.
Some advantages of the totally endoscopic technique are obvious, such as reduction of wound infections, preservation of a stable thorax, and the excellent cosmetic result. As in other technology-based surgical innovations such as endoscopic cholecystectomy in the early 1990s, the learning curve is acceptable and the performance of this procedure may improve, especially with further technical development of the robotic system. We assume that the addition of refined endoscopic stabilizers will facilitate TOPS and thereby remove the need for complex endoscopic cannulation systems and shorten operating times. Regarding cost, robotically enhanced surgery is obviously more expensive than other treatment alternatives. Whether the benefits of the procedure will one day justify the increased cost remains unknown.
